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Conductive  Polymer  Films,  Gr.  No.  DAAL03-89-K-0138 

Dale  P.  Barkey 

Department  of  Chemical  Engineering 
University  of  New  Hampshire 
Durham,  NH  03824 

Problem  Studied 

Some  structural  metals,  including  stainless  steel  and  titanium,  form  passive  layers  that 
reduce  corrosion  rates  to  very  low  levels  in  certain  environments.  Anodic  protection  exploits 
this  eflFect  by  inducing  and  maintaining  passivation  by  chemical  or  electrical  means.  In 
this  study,  passive  films  were  supported  electrochemically  by  conductive  polymer  coatings 
electroformed  directly  on  the  metal  to  be  protected.  Poly(3-methyl  thiophene)  was  chosen 
because  it  contains  a  reversible  couple  in  acidic  aqueous  solution  that  lies  within  the  passive 
region  for  stainless  steels  and  titanium,  and  because  it  is  a  relatively  stable  conductive 
polymer.  A  principal  advantage  of  this  form  of  protection  is  that  the  protected  surface 
need  not  be  completely  covered  by  the  coating.  If  the  coating  is  breached,  it  still  acts  to 
passivate  the  substrate.  As  a  means  of  maintaining  anodic  protection,  these  coatings  have 
advantages  over  direct  imposition  of  a  potential  with  a  power  supply.  The  most  obvious 
advantage  is  in  energy  savings,  since  the  coating  is  spontaneously  regenerated  by  ambient 
oxygen.  In  addition,  since  the  polymer  becomes  non-conductive  at  negative  potentials,  it 
ceases  to  drive  dissolution  if  the  metal  becomes  active.  It  thus  has  a  built  in  governor  that 
prevents  catastrophic  loss  of  material. 

Our  approach  has  been  to  first  characterize  the  dependence  of  the  properties  of  a  coating 
on  the  conditions  under  which  it  was  formed.  We  also  studied  pretreatments  with  the 
objective  of  improving  adhesion  and  uniformity.  These  experiments  were  performed  with 
platinum,  steel  and  titanium  substrates.  The  electrochemical  properties  of  the  coatings  were 
examined  by  conventional  electroanalytical  techniques. 

The  coating  were  then  subjected  to  a  range  of  tests  to  evaluate  their  permanence  in 
corrosive  environments  and  their  effectiveness  in  protecting  the  metal  substrate.  We  were 
interested  in  the  steady-state  condition  of  coated  samples,  the  behavior  of  coatings  galvani¬ 
cally  coupled  with  uncoated  samples  and  the  dynamic  response  of  the  coatings  to  excursions 
outside  the  protected  potential  range. 
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What  follows  is  a  brief  description  of  results.  The  original  data  and  details  of  the 
experimental  work  can  be  found  in  the  references  listed  under  ’Publications’. 

Major  Results 

Dependence  of  coating  properties  on  deposition  conditions:  The  coatings  were  formed  by 
electrooxidative  polymerization  in  galvanostatic  operation.  The  metal  samples,  in  the  form 
of  disk  electrodes  one  square  centimeter  in  diameter,  were  immersed  in  solutions  of  monomer 
in  propylene  carbonate  with  an  organic  electrolyte.  An  anodic  current  was  imposed  on  the 
working  electrode  while  it  was  rotated  at  a  controlled  rate.  A  total  charge  of  one  half  coulomb 
was  passed  in  the  deposition  step,  and  the  coatings  varied  in  thickness  between  roughly  one 
and  ten  micrometers. 

The  coated  electrodes  were  then  transfered  to  sulfuric  acid  solution  and  characterized 
by  electroanalytic  means.  We  measured  the  redox  capacity  of  the  coatings  by  integration  of 
cyclic  voltamograms  and  the  exchange  current  density  for  oxygen  reduction  by  construction 
of  Tafel  plots.  The  redox  capacity  and  the  exchange  current  density  of  oxygen  reduction 
at  the  coated  electrodes  both  increased  with  increasing  deposition  current  and  decreasing 
rotation  rate.  The  mass  of  the  coating  evidently  increases  under  those  conditions,  probably 
because  one  of  the  steps  in  the  formation  process  is  homogeneous  growth  of  oligomers  in  the 
solution.  At  high  rates  of  convection  or  low  rates  of  oxidation,  more  material  is  convected 
away  from  the  electrode  before  it  precipitates.  We  found  no  evidence  of  variation  in  the 
microstructure  of  the  coatings  with  deposition  conditions.  All  of  the  variation  in  properties 
could  be  explained  by  variation  in  coating  thickness. 

Surface  pretreatment:  Metal  substrates  were  prepared  with  cleaning  and  polishing  steps. 
For  steel  and  titanium,  it  was  necessary  to  further  pretreat  the  substrate  to  obtain  adherent 
coatings.  Stainless  steel  was  first  anodized  in  phosphate  solution  to  produce  a  microporous 
surface.  Polymerization  onto  the  pretreated  surface  produced  adherent  coatings.  Formation 
of  adherent  coatings  on  titanium  required  a  two  step  procedure.  First  a  thin  layer  was 
applied  by  deposition  from  a  dilute  monomer  solution  containg  chloride.  A  full  coating  was 
then  applied  on  top  of  this  layer  by  deposition  from  concentrated  monomer  solution.  The 
role  of  the  chloride  is  to  penetrate  the  passive  layer  on  the  titanium  and  provide  points  of 
direct  contact  between  the  metal  and  the  polymer. 

Coating  permanence:  In  the  time  frame  of  our  experiments  (up  to  one  month),  the  coat¬ 
ings  retained  their  effectiveness  in  both  air  and  sulfuric  acid  solution.  There  was,  however, 
a  measurable  degree  of  irreversible  chemical  degradation  within  this  time.  In  base,  or  in  the 
presence  of  chloride,  the  coatings  became  inactive,  and  they  clearly  cannot  be  used  under 
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these  conditions.  The  mechanism  of  attack  by  chloride  appears  to  be  permeation  of  the 
coating  follows  by  an  undermining  attack  on  the  substrate.  Base  solution,  on  the  other 
hand,  attacks  the  polymer  directly  and  renders  it  non-conducting.  The  coatings  also  became 
inactive  at  temperatures  above  50  C. 

In  one  normal  sulfuric  acid,  the  polymer  may  be  reversibly  reduced  to  potentials  of  -0.3V 
vs  Ag/AgCl  sat’d  KCl.  After  being  held  at  potentials  equal  to  or  positive  of  this  limit,  the 
polymer  recovers  its  conductive  state  and  original  steady  potential  (about  -F0.4V).  If  the 
polymer  is  driven  to  more  negative  potentials  and  held  there  for  a  period  of  minutes,  it  is 
irreversible  reduced  and  will  not  recover  the  conductive  state. 

Effectiveness  for  corrosion  control:  In  the  case  of  430  stainless  steel,  corrosion  protection 
was  demonstrated  directly.  Uncoated  samples  immersed  in  sulfuric  acid  solution  became 
active  and  corroded  rapidly.  Coated  samples  lost  no  material  over  comparable  time  spans 
(up  to  one  month).  In  addition,  uncoated  samples  connected  galvanically  to  coated  samples 
by  an  external  circuit  remained  passive  as  well.  The  passive  state  was  also  maintained  on 
sections  of  coated  samples  that  had  been  scraped  free  of  polymer.  The  remaining  portions 
of  the  coating  provided  galvanic  support  for  passivation  of  the  entire  sample. 

We  found  that  the  coating  does  not  support  the  entire  corrosion  current  of  the  passivated 
metal.  Moreover,  protection  was  provided  even  under  nitrogen  purge  where  oxygen  reduction 
at  the  coating  is  greatly  reduced.  Apparently  the  coating  acts  to  prevent  depassivation  by 
healing  small  gaps  in  the  passive  layer  before  they  spread.  This  mechanism  requires  only 
periodic  and  transient  discharge  of  the  polymer. 

Protection  of  430  SS  is  treated  in  detail  in  publication  #1. 

In  the  case  of  titanium,  we  did  not  explore  conditions  where  the  metal  spontaneouly 
becomes  active.  However,  we  did  measure  the  galvanic  current  between  uncoated  samples  and 
coated  electrodes  coupled  to  them.  The  galvanic  current  was  approximatley  six  microamperes 
per  square  centimeter  of  exposed  metal  in  sulfuric  acid  solution. 

Publications 

1.  ’’Electrochemically  Prepared  Poly  (3-methyl  thiophene)  Films  for  Passivation  of  430  Stain¬ 
less  Steel,”  S.  Ren  and  D.  Barkey,  J.  Electrochem.  Soc.,  139,  1021  (1992) 

2.  ’’Corrosion  Inhibition  by  Electrochemically  Prepared  Poly(3-methyl  thiophene)  Films  on 

Phosphated  Steel,”  S.  Ren,  D.  Barkey,  J.  Knight  and  S.  Tukimin,  178th  Electrochemical 

Society  Meeting,  Seattle,  Washington,  October  14-19,  1990.  Vol.  90-2,  Ab.  No.  230. 

3.  ’’Passivation  of  Titanium  by  Poly(3-methyl  thiophene)  Coatings,”  S.  Ren  and  D.  Barkey, 
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'IniTosiim  i*Mi  hy  I!  I  <»«•!  I  ra  n  y  Pft*p;tr*»d 

Tol  y(  l~ar»  itv  I  ihioph«‘no)  Films  on  l*hn5phnlrH 

S.  Hrn,  l».  M.irkry,  .1.  Kiiir.lit*  Tnkimiix 

h»'I».ir »  ni'Mil  o|  Chrm  i  f'.-i  I  Knf»  i  n^^'r  t 
tin  i  v«'rr:  i  t  V  »»(  N**w  llniiiprit  i  ro 

K  I  »*r  t  runr  M  vr  ron-liir  t  I  vi*-po  I  ym*'r  films  on  pnss  I  - 
vAfinp,  motols  m.iv  l‘0  nsotl  t  n  poiso  t  ho  snhstrni.o  artAl 
i  i»  llio  p.-i'sniv*'  p««innM»I  ronp.o  (I,?).  Roqti  I  romont  s 
nrn  rhal  » ho  ino*nl  nomnliy  ho  possivo  iinilor  Lho  pivon 
ronOltions,  ih.ii  rlio  polymor  ho  mndorotcly  conductive, 
rontnin  a  rovorsihlo  rtntplo  at  an  approj»rlnte  poten¬ 
tial  that  ran  ho  aiini. lined  hy  an  oxidant  in  the  envl- 
rnnnont  and  that  it  foim  a  atahlo  Mechanical  and 
olorirlral  hand  with  tho  anhatrnto. 

Wo  havo  nndort 'ikon  studios  on  po|y(3-iiiethyl 
Uiio|4totv' ) ,  (PIMT),  films  o  I  «*r  t  rc%<lojtosi  ted  on  phoo- 
phntod  A  10  <;f  a  i  ii  I  oss  stool.  Oiir  p.oals  arc  to  dotec- 
»ino  lho  olforts  of  film  proparatlon  conditions  and 
('orrMsinn  rnvirnnmoni  ami  to  doMonsirnto  protect  Ion  of 
clean  A  I05\*i  tost  nainplon  palvanirat  ly  coiiptc<l  to  the 
composite  films.  Wo  report  the  inflnonce  of 

ilopo.nitlon  conilitiniis  on  m<tf'|>holop.y  an<l  electco- 
chomiral  hrhavl<»r  an-l  i»rosonf  rosnlts  of  p.alvanlc 
corronli'M  moa.nnromont  n  as  (hoy  /Irjiond  on  convection 
conditions  at  t hr  test  surface  an<l  film  chafnctcrl* 

St Ics. 

Kxpor Iwent  al 

P'lMT  films  were  formoil  hy  eloctcoox.ldat.ive  poly 
nocir.ation  onto  I'oiatiiif*  disk  electrodes  (RDG)  from 
I  .OH  3-iirtliyl  t  It  I  ophene /O.  I M  totraluityl  ninmoniiim 
tetrafliiorohorai  o  (TMATFR)  in  propylene  cnchonnte  at 
room  temporatnro  nndrr  air.  Bocanse  the  polymer  docs 
not  adhere  tf>  polished  jtioel,  r.nhjit rates  vore  pre- 
treatod  hy  anoilizinp,  them  in  roiirent rated  pho  lortc 
.icj<l.  The  rosiillinj'  composite  electrodes  wer  then 
f.alvaniral  ly  coupled  In  clean  steel  RDKs,  Ik)th 
elertrode.n  were  l«iinefs«*d  In  a  i  r  •natnratefl  IN  112^0^ 
with  a  •“•sal '  cl  K<!l  referefice  electrode.  The 

lest  eloclrndo  was  related,  while  the  composite 
electrode  was  slal  innarv. 

liecanne  naiiifenanre  of  (lie  film  potential 
ilepends  on  revers I  hi  1 i I y  of  the  film  to  the  oxidant, 
we  sonplil  In  f>p|jinlr.e  I  lie  exihanp.e  cnrrrnt.  density  of 
oKVp.en  reduction  hy  variaiion  of  fl  l«-depns  J  t  Jon 
rnad 1 1  i on.s .  These  experiments  were  carrlefl  out  on 
platinum  KhKs  wilh  t iidependent  variation  of  ciicrcnt 
density  and  rotal  ion  rale.  (Torrent  ilensities  were 
varfe«l  hetween  7,0  and  ddO.  mA/cm^  .and  rotation  cotes 
hetween  25  anti  f»AOO  RPM.  Deposition  times  were 
afl.pistet!  to  protiure  a  total  eliar^e  of  0.06  coul/cm^. 
Oxypen-rrihicl ion  kineilcs  were  evaluated  by  scanning 
hetween  0.0  anti  I  .OV  at  2iiiV/s  in  IN  ll2S0^,  Exchange 
enrrent  densities  were  then  fount!  by  construction  of 
Tafcl  plots.  Film  rapacity,  a  nteasure  of  film  mass, 
was  taken  as  projMir M  ona I  to  I  he  peak  ceihiction 
current  an  the  film  was  cycled  hetween  -0.6V  and 
1.6V  at  I20mV/n  in  TBATFIl  in  prt»pylenc  carbonate. 

In  pro|»ylene  earhnnale  solntitinn,  the  reference 
eicctcotio  wa.s  a  silver  wire  In  a  saturated  st>!xition 
of  Ap.ri  in  prttpyletie  railHjnate  with  O.IM  TUATKII, 

Resti  1 1  s  aiul  Pi  seufts  I  on 

Film  Hori»hn  I  ogy .  On  plalinitm,  the  films  are  very 
nm'^nth  anti  uniftirm  and  are  deep  Itlue  nr  black.  On 
steel,  the  fiimrs  are  dull  hl.iek  anti  visibly  porous. 

The  mlemtexl  tire,  fd*':erved  hy  neannhip,  electron 
microscopy  (r'.FM),  In  mn«!e  up  of  overlapping  hemi¬ 
spheres  five  If*  Iwenly  ml<'rt«mei  ers  In  diameter.  Tlie 
hemispheres  mav  hr  I  he  restill  t*r  i»r<»wi  h  f rt»m  nnele- 
alioM  ernlers  or  t*f  erlltilsr  p.rowl  h  Intfueerl  hy  nti 
Inlerfaelal  i  nst  ahl  I  i  I  y .  A  nt'twork  of  fissures  Js 
visible  In  filmfi  on  phttsplial  t'tl  steel  (see  Figure  I), 


hut  the  films  .adherctl  well  to  these  surfaces. 

Fioetics  of  oxygen  reduction  and  film  raparitv 
Fi Im-deposition  conditions  had  a  marked  effect  on 
both  exchange  current  density,  of  oxygen  retlnr- 

tion  and  on  peak  current  density,  ip,  in  propylene 
rarhon.ite.  Both  and  ip  increased  with  the  inverse 
square  root  of  ROB  rotation  rate  duiing  film  prepara¬ 
tion  (sec  I'lg.ure  2K  We  heltcve  that  holh  ai*tl 
ip  increase  with  film  mass,  which  in  turn  depentls  on 
rotation  rate  and  current  density  during  depn.sition. 
Tlie  rate  of  film  growth  must  increase  with  the 
concentrat jon  of  radical  cations  at  the  electrode 
surface,  Tlits  concentrat  ion  is  highest  at  hig.li 
current  density  and  low  rotation  rate.  Tlie  variation 
of  ip  and  ip  with  deposition  current  density  is 
shown  in  Figure  3. 

(Talvanic  Corrosion.  The  purpose  of  the  films  is.  to 
bias  the  substrate  into  the  passive  reg.ion  and 
protect  the  metal,  incluiling  exposed  surfaces,  from 
corrosion.  We  found  that  the  composite  films  hold 
the  potential  of  the  substrate,  and  of  coupled, 
clean  test  samples,  at  a  potenCfal  near  ♦O.AV,  whudi 
la  In  the  passive  range  for  A30SS  in  IN  II25O4.  Test 
samples  coupled  to  clean  steel  surfaces  showed  signs 
of  corrosion,  including  dulling  of  the  surface  and 
loss  of  material.  Those  coupled  to  composite  films 
remained  bright  in  appearance  and  suffered  no 
measurable  loss  of  material. 
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Figure  1.  SEN  micrograph  of  a  P.3MT  film  on  Phos- 
phaied  A30SS,  Tlie  film  was  deponlted  on  a  llmm  din 
RDE  from  0.5H  3MT/0.1H  TBATFD  in  propylene  cniho- 
nate  at  a  current  of  60mA  and  a  rotation  rate  of 
100  RPM.  The  total  charge  passed  was  15  mC/cm^. 
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Ki^Miro  ''Ht  m‘M>  'ItMisity,  Ami  p<>Ak 

ittii  «Mu  r»'nt  ilrusJiy,  ij,.  thr  rAtAt.ton 
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Abstract 

E I ec C rochem i ca L I y  prepared  poly  (3- 
methylthiophene)  (PINT)  coatings  on  TiCri  disk  were 
investigated.  To  adhere  a  P3Hc  film  onto  TiGr2.  a 
strike  was  deposited  hy  ciectropolymerlsation  in  the 
presence  of  chloride  ions.  A  thick  film  was  then 
deposited  on  top  of  it.  P3KT  coated'’TiGr2  disks  were 
tested  in  acid  solutions  at  several  temperatures.  P3Kr 
coatings  galvanically  protected  clean  Ti  samples  at 
temperature  up  to  50"C. 


Electroacli ve  conductive  polymer  coatings,  such  as 
poly  (3-mcthylthlophone)  (P3HT)  and  polyanilllne  (PA), 
have  a  demonstrated  capability  to  poise  a  metal  in  its 
passive  potential  range  I1.2.3J.  The  mechanism  was 
examined  by  Deng  et  al.  who  coupled  titanium  samples 
with  P3HT''Coated  glassy  carbon  electrodes  modified  by 
platinum  particles.  The  P3NT  films  galvanically 
stabilized  the  Tl/TiO^  interface  (2t<  The  authors 
presented  a  study  of  P3MT  coating  on  stainless  steel 
(31 .  Our  current  study  is  aimed  at  the  direct 
electropolymerization  of  adhesive  P3NT  coatings  on  TiGrZ 
titanium  rotating  disk  electrodes  and  use  of  P3HT 
coatings  for  corrosion  protection  of  Titanium. 

1  gloctropolymerizAtlon  process 

TlGr2  RDEs  were  first  polished  and  then  degreased  in 
boiling  hexane,  ‘fwo  deposition  steps  were  undertaken  to 
firmly  adhere  a  P3HT  film  onto  the  TiGr2  RDE. 

Formation  of  an  adhesive  P3HT  thin  film:  The 
TiGrZ  RDE  was  fir.st  treated  in  O.S  M  3'* 
methyl  thiophene/0. 1  Htctrnhutylammonium  tetraf  luororate 
(TBATFB)  propylene  carbonate  solution  containing  ZnCl2* 
The  purpose  of  the  ZnCU  to  form  pits  in  the  TiGrZ 
surface  during  electropolymerization.  The  pits  provided 
a  grip  for  this  P3MT  strike.  The  thin  film  was  formed 
galvanostaticaily  at  10  mA/cm^  and  S  rpm  for  40  s. 

Formation  of  a  thick  P3HT  coating  on  the  strike: 
The  P3NT  strike  had  very  low  charge  capacity,  and  was 
not  capable  of  protecting  the  substrate  metal.  A 
thicker  P3HT  film  was  formed  on  top  of  the  thin  film  by 
elcctropoiymer ization  in  1.0  N  3'methy lthiophene/0. 1  H 
TBATFB  propylene  carbonate  solution.  The  morphology  and 
thickness  of  this  film  can  be  controlled  by  changing 
deposition  conditions  il|.  In  this  step,  the  applied 
deposition  condition  was:  200  mA.  500  rpm  and  7.5  sec. 
The  formed  P2MT  film  was  dull  black  (3)  and  had  an 
uniform  appearance.  The  P3HT  coatings  formed  by  this 
process  adhered  to  TiGrZ  aqueous  acid  solutions. 

2  Passivation  of  TlCrZ  by  P3Kr  coatings 

Bel  f -discharge  curves  of  TiGrZ  RDE,  the  thin  fllm- 
coal.ed  TiGrZ  (the  precoated  ROB)  and  the  thick  film- 
coated  TiGrZ  (the  coated  R1>R),  were  measured  in  both  4 
N  sulfuric  and  4  N  hydrochloric  acid  solutions  of  a 
rotation  rate  of  500  rpm.  Sel f -discharge  curves  of 
TiGrZ  RDF.s  galvanically  coupled  with  the  coated-KDE  wore 
also  examined. 

At  50*C,  the  potential  of  the  rotating  TlGrZ  RDE 
moved  negative  of  0  V  after  2000  s  of  immersion  in  the 
sulfuric  or  hydrochloric  arid  solution.  With  the  P3NT 
coating,  the  TiGrZ  substrate  was  held  positive  of  0.2  V 
within  the  test  period  for  both  acid  solutions.  The 
P3MT  coating  was  able  to  passivate  the  TiGrZ  substrate 
at  the  temperature  below  50*C. 

The  sel  f -discharge  curves  at  70*C  showed  that  the 
TIGr2  RDE  moved  to  its  active  potential  (about  -O.S  V) 


after  250  s  in  4  N  sulfuric  acid  solution  and  after  1300 
s  in  4  N  hydrochloric  acid  solution.  In  the  rase  of  the 
coated-RDE,  the  P3HT  coating  was  broken  after  1800  s  in 
both  acid  solutions,  following  a  sharp  Eqq  drop  of  the 
RDE  into  its  active  range. 

The  galvanic  corrosion  test  was  condvictcd  in  4  H 
sulfuric  acid  solution  at  4S*C.  A  TiGr2  RDF  was  first 
pretreated  in  I  N  sulfuric  acid  solution  to  form  n  TiO, 
oxide  film  (2].  The  pretreated  TiGrZ  was  then 
galvanically  coupled  with  the  coated-RDE  the  self- 
discharge  curve  of  the  TiGrZ  RDE  as  well  as  the  galvanic 
current  between  these  two  electrodes  were  recorded 
simultaneously.  It  was  shown  that  the  coupled  P3MT 
coating  was  able  to  hold  the  TiGrZ  RDE  in  positive 
potential  range  for  at  least  5  hours.  A  galvanic 
current  of  8  muA  was  observed.  Without  galv.inic 
coupling  to  a  P3HT  film,  the  TiGrZ  RDE  (with  oxide  film) 
began  to  corrode  after  about  900  s  of  immersion  in  the 
saM  acid  solution. 
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